The mouse cytomegalovirus chemokine receptor homologue (CKR) M33 is required for salivary gland tropism and efficient reactivation from latency, phenotypes partially rescued by the human cytomegalovirus CKR US28. Herein, we demonstrate that complementation of salivary gland tropism is mediated predominantly by G protein-dependent signaling conserved with that of M33; in contrast, both G protein-dependent and -independent pathways contribute to the latency phenotypes. A novel M33-dependent replication phenotype in cultured bone marrow macrophages is also described.
A
ll beta-and gammaherpesviruses express one or more 7-transmembrane receptor homologues (7TMR), several of which have been implicated in viral pathogenesis and are thereby regarded as potential therapeutic targets (1) . Human cytomegalovirus (HCMV) encodes four 7TMRs: UL33, UL78 (conserved in all betaherpesviruses), and US27 and US28, which are encoded by tandem genes (restricted to primate CMV). Of these, US28, a CC chemokine receptor homologue (CKR) has been the most thoroughly characterized. Unlike most cellular CKR, US28 exhibits promiscuous binding of CC chemokines and the membrane-tethered CX3CL1 chemokine fractalkine. As these chemokines elicit chemotactic responses of monocytes and vascular endothelial cells, US28 has been implicated in virus dissemination. US28 has been shown to signal constitutively via G␣q (2) and the mitogen-activated protein kinase (MAPK) pathways (3) (4) (5) and invoke activation of transcription factors, including NF-B, CREB, NFAT, and SRE (2-4, 6, 7) . Potential consequences of the diverse signaling cascade elicited by US28 include modulation of the expression of host genes involved in pathogenesis, enhancement of replication in particular cell types, and triggering reactivation from latency (8, 9) . Similar to several other viral CKRs, US28 is rapidly and constitutively endocytosed, providing a mechanism for both regulation of G protein-dependent signaling and initiation of G proteinindependent signaling (3, 5, 10, 11) .
Previous characterization of N-and C-terminal US28 mutations demonstrated the importance of particular US28 domains in receptor signaling and endocytosis. The US28 C-tail is necessary and sufficient to confer efficient endocytosis to US28 and heterologous CKR (3) . C-terminal truncations of US28 (⌬C36, ⌬C40, and ⌬C54) have revealed modulatory effects on either classical G protein-mediated phospholipase C-␤ (PLC-␤) signaling, engagement of the p38 MAP kinase pathway, or activation of NF-B and CREB transcription factors (3, 5, 12) . Mutation of the highly conserved arginine within the transmembrane III DRY motif abolished constitutive G protein-mediated signaling, but the mutant protein retained constitutive endocytosis (3) .
Models for the in vivo function of HCMV-encoded CKRs have utilized mouse and rat CMVs (MCMV and RCMV, respectively). We previously established that the MCMV homologue of HCMV UL33 (M33) is important for salivary gland tropism and establishment of and/or reactivation from latency (13) (14) (15) . Mutagenesis of M33 demonstrated that while salivary gland tropism was partly preserved in the absence of the M33 C tail, it was highly dependent on M33 G protein coupling (14) . In contrast, MCMV latency and/or reactivation was substantially reduced with mutation of either the DRY motif or the M33 C tail, suggesting that both G protein-dependent and -independent mechanisms are important for the latency phenotype (16; H. E. Farrell and N. Davis-Poynter, unpublished observations). Notably, we demonstrated that wildtype (wt) HCMV US28 can partially substitute for the role of M33 in vivo, thus providing the first surrogate animal model to probe the mechanisms of action of US28 (16) .
Given the importance of the M33 TMIII DRY and C-tail motifs in vivo, we investigated the roles of analogous motifs of US28 on M33 complementation in vivo. US28 mutants comprised either a point mutation disrupting the DRY motif (US28R129Q), a truncation of the C terminus (US28⌬C54), or a dual R129Q/⌬C54 mutant (US28RQ/⌬C54). A US28 mutant with a deletion of Nterminal residues (US28⌬N [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] ), which disrupted fractalkine binding (17, 18) , was included as a control in some studies.
Expression constructs were tagged with hemagglutinin (HA) at the N terminus; recombinant viruses derived from the wild-type (wt) MCMV strain K181 (Perth) are described in Table 1 . Statistical analyses were conducted using GraphPad Prism v 5.0.
Cell surface expression and endocytosis in transfected cells were measured using a cell-based enzyme-linked immunosorbent assay (ELISA) and antibody feeding/immunofluorescence, respectively, using methods similar to those described previously (19, 20) . At steady state, US28⌬C54 and US28RQ/⌬C54 were expressed mostly at the cell surface, in contrast to wt US28, US28R129Q, and US28⌬N [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] (Fig. 1A) . Higher levels of cell surface expression of both US28⌬C54 mutants correlated with their decreased endocytosis (Fig. 1B) , consistent with previous reports of the US28 C tail directing endocytosis. Nevertheless, comparison between US28⌬C54 and CCR5 (cell surface-retained control) suggests that a low level of endocytosis of US28 occurred in the absence of the C tail. In mouse embryonic fibroblasts (MEF) infected with either untagged wt US28 or mutant US28 recombinant MCMV, 125 I-CX 3 CL1 radioligand binding experiments, using methods similar to those described previously (16) , demonstrated high-affinity binding by all viruses (Fig. 1C) , except the negative control US28⌬N [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , which was disrupted for fractalkine binding (17) . Endocytosis experiments using 125 I-CX 3 CL1 with MCMV-infected MEF (24 h postinfection [p.i.]) confirmed that wt US28 and US28R129Q were rapidly endocytosed, in contrast to the US28⌬C54 mutants (data not shown).
G protein-coupled signaling (PLC-␤ activation) of US28 mutants in transfected COS7 and MCMV-infected cells was compared with that of wt US28. In transfected and infected cells ( Fig.  2A and B, respectively), inositol turnover was abolished, as expected, for each of the US28R129Q mutants (Fig. 2) . US28⌬C54 had reduced signaling and thus exhibited an effect similar to that of the C-terminal truncation (⌬C38) of M33 (14); this contrasts with a previous report describing increased inositol turnover for a US28⌬C54 mutant in transfected cells (5) . Consistent with previous studies, fractalkine proved to be an inverse agonist for wt US28, which was converted to agonism in US28⌬C54. Fractalkine did not affect signaling of US28R129Q, US28RQ/⌬C54, or US28⌬N [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , confirming that the effects were G protein dependent and initiated by binding of fractalkine to US28. These results demonstrate that PLC-␤ signaling, chemokine binding, and endocytic properties of wt US28 and the US28 mutants used in this study were consistent with those in previous reports of transfected 
FIG 1 (A)
Expression levels of HA-tagged US28 constructs detected by ELISA. COS-7 cells in 6-well dishes were transfected with 4 g of the indicated HA-tagged US28 constructs or the pcDNA3 vector control using Lipofectamine 2000 (Invitrogen, Australia). At 6 h posttransfection, cells were trypsinized and seeded into replicate 96-well trays (six wells per construct per plate). The detection of the HA-tagged constructs in cells permeabilized with Triton X-100 and nonpermeabilized replicate cells was performed 24 h later as described previously (19) . Receptor levels were measured as optical density (OD) readings at 450 nm and corrected for background via subtraction of mean control values (perm. or non-perm.). Data are presented as a cell surface index, i.e., the log 10 ratio of the cell surface (nonpermeabilized) to total (permeabilized) OD values. Bars indicate means and standard deviations (SD) (n ϭ 6). Asterisks indicate significant differences between the wt and mutated US28 constructs (Kruskal-Wallis with Dunn's posttest, *, P Ͻ 0.05; ***, P Ͻ 0.001). (B) Quantitative assessment of endocytosis for wt US28 and US28 mutants. HeLa cells transfected with 4 g of the indicated HA-tagged constructs using Lipofectamine 2000 were labeled with rabbit anti-HA (ab9110, 1:500; Abcam, Cambridge, United Kingdom) at 37°C for 1 h and then "chased" in the absence of antibody for a further 20 min. Endocytosis was stopped by incubating cells at 4°C and cell surface-retained receptors labeled with Alexa Fluor 594 (AF 594 ) goat anti-rabbit IgG (1:1,000; A11037; Molecular Probes, Invitrogen, Australia) for 1 h at 4°C. The cells were fixed with 3% paraformaldehyde, permeabilized with 0.2% Triton X-100, and incubated with AF 488 goat anti-rabbit IgG (A11034, 1:1,000; Molecular Probes, Invitrogen, Australia) for 1 h at room temperature. Images from random fields captured at a magnification of ϫ40 were converted to grayscale; the AF 488 and AF 594 channels were overlaid, and the ratio of AF 488 (total) to AF 594 (surface) staining of individual cells was determined using NIH ImageJ (http://rsb.info.nih.gov/ij/). The log 10 ratio provides an endocytosis index; this ratio increases as the proportion of endocytosed receptors increases. Data are plotted for individual cells, with bars indicating means and SD (50 cells). Asterisks indicate significant differences between the wt and other constructs (Kruskal-Wallis with Dunn's posttest, ***, P Ͻ 0.001). (C) Surface expression of wt US28 and US28 mutants determined by whole-cell binding of the chemokine ligand 125 I-CX3CL1 (fractalkine) as described previously (27) . Whole-cell homologous competition binding was performed in MEF infected (MOI ϭ 3) with either wt US28 (filled circles), US28⌬N [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] or HCMV-infected cells (3, 5, 12, 18) and thus were authentically expressed by recombinant MCMV.
US28 has the potential to induce signaling effectors, such as the mitogen-activated protein kinases (MAPK), via both G proteindependent and -independent mechanisms. Endocytosed 7TMRs have been shown to scaffold various key contributors to the MAPK signaling cascade, including ERK1/2, p38, and c-Jun Nterminal kinase (JNK), a process involving phosphorylation of 7TMR C-tail residues (21) . In transfected COS7 cells, US28 induces p38 MAPK activity (3) (4) (5) , which is diminished in a ⌬C54 tail mutant (5). In addition, US28 and M33-mediated signaling is sensitive to p38 but not ERK1/2 kinase inhibitors (3, 22) , although subsequent studies have shown ERK1/2 to be induced by fractalkine binding in US28-transduced murine fibroblasts (23) . Thus, we determined the impact of the DRY and C-tail US28 mutations on activation of these MAPK. Using Western blotting with phosphospecific antibodies (Cell Signaling Technology), wt US28 was shown to engage all three MAPK in transfected HEK cells (Fig. 3 ). An approximate 2-fold reduction of p38 MAPK activity (P Ͻ 0.05) was observed in the dual RQ/⌬C54 US28 mutant, whereas the single mutants were not significantly different from the wild type, consistent with previous studies showing that p38 MAPK is induced by both G protein-dependent and -independent mechanisms (13, 22, 25) . In contrast, p-ERK1/2 and p-JNK MAPK induction was diminished (P Ͻ 0.001 and P Ͻ 0.01, respectively) only in the absence of G protein coupling (mutants R129Q and RQ/⌬C54), suggesting that the US28 C tail was dispensable for their induction. None of the mutations, including RQ/⌬C54, reduced MAPK activation to control levels (pcDNA3). Given that US28⌬C54 and RQ/⌬C54 exhibited low-level endocytosis (compared with CCR5), these mutants may retain the capacity to initiate MAPK or additional signaling pathways, via scaffold interactions, despite the absence of the C tail.
US28 constitutively activates multiple transcription factors, in- ]inositol according to methods described previously (28) . Data are presented as means Ϯ SD from 2 experiments performed in triplicate; asterisks indicate significant difference between the responses with and without fractalkine (Student's t test; *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001).
FIG 3
HEK293 cells were transfected with 20 g of the indicated HA-tagged US28 constructs or the pcDNA3 vector using calcium chloride precipitation. At 48 h after transfection, the cells were lysed on ice using radioimmunoprecipitation assay (RIPA) lysis buffer (Millipore). Samples were denatured at 92°C for 5 min and run on a 10% bis-Tris gel (Invitrogen) at 130 V for 1.5 h. The gel was blotted onto polyvinylidene difluoride (PVDF) membranes for 1.5 h and incubated with phosphospecific antibodies (Cell Signaling) against ERK (A) and JNK (B) simultaneously or p38 (C) overnight at 4°C. After incubation with horseradish peroxidase (HRP)-conjugated secondary antibodies, the membranes were developed using Immobilon Western chemiluminescent (Millipore) and quantified using AlphaView software; blots were stripped and reprobed for ␤-actin as a loading control. For each blot, background signal (pcDNA3) was subtracted and results were expressed relative to the mean signal for wt US28 (100%). Results are expressed as means Ϯ standard errors of the means (SEM) from five independent experiments, each performed with duplicate samples. Representative blots are shown above the quantification graphs in each case. Asterisks denote significant differences between wt US28 and US28 mutants (analysis of variance [ANOVA] with Bonferroni posttest; *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001).
cluding CREB, NF-␤, and, to a lesser extent, NFAT (2, 4, 24) . G protein coupling appears to be the predominant mechanism, since the DRY motif mutants (R129Q and RQ/⌬C54) were deficient (Fig. 4) . Partial reductions in activation exhibited by US28⌬C54 are consistent with the observed reduction in PLC-␤ signaling (Fig. 2) , although potential G protein-independent mechanisms of modulation of these transcription factors cannot be ruled out. Similar to US28, significant reduction in CREB activation was observed previously with the M33 DRY (R131Q) and C-tail truncation (⌬C38) mutants, where the latter showed reduced but not abolished G␣q protein-dependent signaling (14) .
All of the US28 recombinants replicated to wt MCMV levels in MEF (data not shown), consistent with our previous observations of M33-null mutants (15) . However, recent studies in our laboratory identified an in vitro phenotype for M33 in primary bone marrow macrophage (BMM) cultures. Thus, M33-null mutants were significantly attenuated for multistep growth in BMM (Fig. 5A ). Attenuation was not observed following infection with a high multiplicity of infection (MOI), suggesting a defect(s) in cellcell spread of the virus (data not shown). Notably, wt US28 compensated for the loss of M33 (Fig. 5B ), but this compensation did not appear to be associated with aforementioned signaling pathways, since M33 and US28 TMIII DRY signaling knockout mutants (M33R131Q and US28R129Q), C-tail truncation mutants (M33⌬C38 and US28⌬C54), and the US28 dual mutant (RQ/ ⌬C54) each replicated to wt M33 levels (Fig. 5) . While the mechanism of attenuation is currently unknown, these results suggest that M33 and US28 possess mechanisms independent of the G protein-mediated signaling profiles examined here that can compensate for the replication fitness afforded by wt M33 in BMM.
The US28 mutants were analyzed in vivo with respect to replication during acute infection, tropism to the salivary glands, and ex vivo reactivation of latently infected splenic explants using methods described previously (13, 16) . Each of the US28 virus mutants replicated in the spleen and liver to wt MCMV levels (Fig. 6A) , supporting our previous studies that the M33 locus is dispensable during acute infection (13) (14) (15) (16) . In the salivary glands, the two US28R129Q mutants were significantly attenuated compared with wt US28 (Fig. 6B) , correlating with their reduced G␣q PLC-␤ signaling and consistent with our previous demonstration that M33 requires G protein-mediated signaling for this phenotype (14) . In addition, our results demonstrate that the C terminus of US28 is dispensable for this phenotype, providing further evidence, based on the US28⌬C54 signaling profile, that US28-me- diated tropism to the salivary gland in the context of MCMV infection is highly G protein dependent (14) . Nevertheless, the detection of the US28R129Q mutant at low levels in the salivary gland and the observation that the phenotype was further attenuated for the dual RQ/⌬C54 mutant suggests that additional mechanisms, such as MAPK signaling, may contribute.
Previously, we found that a M33-null, G protein-couplingdeficient mutant (M33R131Q) and a M33 C-tail mutant had a severely diminished capacity to reactivate from splenic explants, a phenotype that could be fully compensated by wt US28 (13, 16) . Characterization of the US28 mutants (Fig. 6 ) similarly demonstrated that both DRY motif and C-tail mutants had reduced reactivation rates.
While the mechanisms by which M33 and US28 promote reactivation from latency are unknown, it is tempting to suggest that induction of transcription factors by these viral 7TMR participate in this process. Like HCMV, enhancer regions regulating expression of important MCMV transactivator proteins contain CRE and NF-B sites that, upon binding with the cognate ligand, transactivate viral major immediate-early genes that lead to "desilencing" of the latent genome. However, it is also important to note that none of the US28 mutations reduced reactivation to the level of M33(R131Q), demonstrating that mechanisms other than those targeted by the US28 R129Q and ⌬C54 mutations can partially compensate for the loss of G protein-mediated pathways. Given that the US28 mutants retained MAPK induction, it is tempting to suggest that they may contribute to the reactivation detected by the US28 mutants. Indeed, as CMV reactivation is frequently associated with host cell differentiation and inflammation-processes that commonly engage one or more of the MAPK-it is possible that US28-mediated induction of these mediators may contribute a trigger for CMV in the maintenance and/or reactivation of latency. In this regard, treatment of latently infected cells with inhibitors of MAPK has been shown to block the production of interleukin 6 (IL-6) by dendritic cells that is a significant prerequisite for CMV reactivation (25, 26) . Further studies using additional US28 MCMV mutants that differ in their profiles of MAPK induction are in progress to determine the significance of US28-mediated MAPK induction the maintenance and reactivation from latency. In summary, the MCMV model provides a useful quantitative readout to probe the biological contributions of constitutive US28 signaling. Our results demonstrate that common 7TMR G protein-dependent mechanisms are major contributors to both US28 and M33 phenotypes in salivary gland tropism and latency. With respect to latency, our data also suggest a role for G protein-independent mechanisms in this phenotype, for which the MAPK may play a role. Finally, we provide evidence that M33 is required for efficient replication in differentiated BMM, a property that could be compensated for by US28 via mechanisms not linked to G protein-dependent signaling and which may impact dissemination of virus infection to sites such as the salivary gland. Future studies will be directed at identifying specific cellular signaling pathways that have the most impact upon phenotypes dependent upon US28 and M33, using a combination of comparative profiling (between mutants with differing phenotypes) and selective ablation of host cell signaling.
